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Running title:
Parent-offspring competition
In species where family members share a limited pool of resources, there may be competition between parents and their dependent offspring for access to these resources. Parent-offspring competition may impose a cost to family living that would constrain the evolution of parental care and family living. Yet, few studies have tested for evidence of parent-offspring competition. Here we test for parent-offspring competition in the burying beetle Nicrophorus vespilloides. This species breeds on carcasses of small vertebrates that serve as food for both parents and offspring. We used a two-by-two factorial design, where we manipulated female nutritional state (food-deprivation versus control treatments) and the amount of resources (small versus large mouse carcasses). We find that food-deprived females lost more mass than controls over the 9-day long food deprivation treatment, confirming that food-deprivation caused a substantial decline in female nutritional state at the start of breeding. However, we find no evidence that increased food consumption by food-deprived females had a greater impact on offspring growth or survival when breeding on small carcasses. Instead, poor female nutritional state had a negative impact on offspring survival when females bred on large carcasses. There was more mould on the carcass when food-deprived females bred on a large carcass, suggesting that such females provided less indirect care serving to suppress microbial growth. We conclude that parent-offspring competition is associated with relatively minor costs to family members in this species, suggesting that it may not necessarily constrain the evolution of parental care and family living.
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INTRODUCTION
Parent-offspring conflict is defined as the divergence in the optimal level of parental care between caring parents and their dependent offspring, and this conflict arises as a consequence of asymmetries in relatedness between parents and offspring (Trivers 1974; Crozier and Pamilo 1980; Godfray 1995). Prior work on parent-offspring conflict has focused mainly on the role of parent-offspring communication as a mechanism for mediating the resolution of this conflict (Godfray 1995; Kilner and Johnstone 1997). This focus is motivated by theoretical models suggesting that costly offspring begging behaviors provide parents with honest information on their offspring’s nutritional needs, thereby providing an evolutionarily stable mechanism of conflict resolution (Godfray 1991, 1995). There is good empirical support for these models from studies on birds (Price et al. 1996; Kilner 1997, 2001; Ottosson et al. 1997), amphibians (Yoshioka et al. 2016) and insects (Rauter and Moore 1999; Smiseth and Moore 2004; Andrews and Smiseth 2013). Thus, there is general agreement that parent-offspring communication serves as an important mechanism for mediating the resolution of parent-offspring conflict.
The emphasis on parent-offspring communication is obvious given the clear theoretical motivation for its role in conflict resolution (Godfray 1991, 1995). However, this emphasis may have the unfortunate side effect of detracting interest from other manifestations of parent-offspring conflict. For example, in species where parents and offspring share access to a limited pool of resources after hatching or birth, there may be competition between caring parents and their dependent offspring for access to these resources (Kramer et al. 2017). In species with parental care, there is good evidence that siblings compete for access to parental resources (Mock and Parker 1997), but little is known about the scope for competition between parents and offspring. A recent study on the European earwig (Forficula auricularia), where females and offspring forage from the same food source, found that high maternal weight gains during the reproductive bout had a positive impact on the future reproductive performance of females, but a negative impact on the offspring’s survival prospects (Kramer et al. 2017). Thus, in this species, there is good evidence for parent-offspring competition. However, there is now a need for further work to determine whether these results generalize across species where parents and offspring forage from shared resources. This is important because parent-offspring competition could impose a significant fitness cost to family members that may constrain the evolution of parental care and family living (Kramer et al. 2017).
Burying beetles of the genus Nicrophorus are a good system for studying parent-offspring competition given that they breed on carcasses of small vertebrates that serve as a source of food for both parents and larvae (Scott and Traniello 1990; Scott 1998). Larvae obtain some food by begging for pre-digested carrion from the parents, but are also capable of self-feeding directly off the carcass from the time of hatching (Smiseth and Moore 2002; Smiseth et al. 2003). Thus, larvae can forage independently of their parents, which means that parents do not have full control over the allocation of resources. Larvae do not feed once they have left the carcass, and their adult body size is therefore determined by the amount of resources they obtained during larval development (Lock et al. 2004). There is intense competition for access to carcasses in this species, and adult body size is a major determinant of an individual’s reproductive success (Otronen 1988). Parents also feed from the carcass while breeding and the amount of resources obtained by feeding off the carcass serves as a proxy for investment in future reproduction (Boncoraglio and Kilner 2012; Pilakouta et al. 2016). There is good evidence that the amount of resources available for breeding (i.e., carcass size) affects reproductive performance both in the wild and in the laboratory, and breeding on a larger carcass is associated with an increase in the number and (sometimes) the mass of dispersing larvae (Bartlett and Ashworth 1988; Smiseth et al. 2005; Creighton et al. 2009; Billman et al. 2014). There is also evidence that food deprivation impacts on the nutritional state of females and food-deprived females increase their consumption of carrion such that they have fully compensated for their initial mass loss by the time their eggs hatch (Trumbo and Xhihani 2015). However, it is currently unknown whether joint feeding off the carcass leads to competition between the female parent and her larvae.
Our aim was to test for evidence of parent-offspring competition in Nicrophorus vespilloides. To this end, we used a two-by-two factorial design, where we manipulated (1) the nutritional state of the female parent prior to breeding (food-deprived versus control females) and (2) the amount of resources available for breeding (large versus small mouse carcass). If there is parent-offspring competition, we expect it to be more intense when parents are in a poor nutritional state (i.e., food-deprived) and the amount of resources is limited (i.e., small carcass). The rationale for this is that food-derived parents should increase their consumption of resources, thereby reducing their offspring’s access to limited resources, and that increased food consumption by parents should have a greater negative impact on food consumption by offspring when resources are limited. In this experiment, we excluded the male parent to eliminate any potential effects due to sexual conflict over food consumption (Pilakouta et al. 2016; Keppner et al. 2018). Removal of the male has no detectable impact on offspring performance under laboratory conditions (Smiseth et al. 2005). First, we verified the effectiveness of our food deprivation treatment by testing whether food-deprived females lost more mass than control females during the 9 days of treatment prior to breeding. Second, we tested for effects of female nutritional state, the amount of resources, and the interaction between them, on female mass change whilst breeding and female lifespan after breeding. Finally, we tested for effects of female nutritional state, the amount of resources, and the interaction between them, on the total mass of the brood at dispersal, the mean offspring mass at dispersal, the number of offspring surviving until dispersal, and the number of offspring surviving until eclosion. If there was parent-offspring competition, we predicted that the increase in food consumption by food-deprived females would have a greater impact on offspring growth and survival when family members were sharing a small carcass.

METHODS
Origin of study population and animal husbandry
We used virgin beetles bred from an outbred laboratory population. The beetles used in this experiment were 3rd generation beetles descended from wild-caught beetles. We kept all beetles at 21oC on a 16:8 light:dark diurnal rhythm. Non-breeding beetles were kept individually in clear plastic boxes (124 x 82 x 22 mm) filled with 10 mm of moist soil, and were fed twice a week on small pieces of raw organic beef.

Experimental design and procedures
We used a two-by-two factorial design to test for parent-offspring competition over shared resources. First, we manipulated the nutritional state of females by depriving some females of food for 9 days prior to breeding (food-derived females), while giving others ample access to food (control females). The purpose of this treatment was to generate experimental variation in a female’s nutritional state and thereby the amount of food that females consumed while breeding. This allowed us to test whether there was a causal effect of increased food consumption by food-deprived females on the survival and body mass of offspring. Second, we manipulated the amount of resources available to family members during breeding by providing females with either a small (5–8 g) or a large (20–25 g) mouse carcass. The purpose of this treatment was to establish whether increased food consumption by food-deprived females had a negative impact on offspring only when resources were limited. We combined this two-by-two factorial design with a cross-fostering design where all females were provided with a standardised experimental brood comprised of 10 same-aged larvae (see below for further details). We used this brood size to generate a situation where resources would be limited on a small carcass but not on a large carcass. We used foster broods to exclude possible confounding pre-natal maternal effects in response to food deprivation and carcass size (e.g., females might adjust clutch size or egg size) that otherwise might impact upon larval survival and body mass. Thus, our experimental design ensures that any effects of female nutritional state (i.e., food deprivation) and amount of resources (i.e., carcass size) on females and their offspring are attributable to parent-offspring competition for shared resources.
We manipulated the nutritional state of females prior to breeding by randomly assigning experimental females to the two treatments (food-deprivation or control). Females assigned to the food-deprivation treatment received no food for 9 days prior to mating, while females assigned to the control treatment were fed small pieces of raw beef twice a week during the 9 days prior to mating. There was no difference in the mass of females assigned to the food deprivation and control treatments at the onset of the food deprivation experiment (t89 = –1.306, P = 0.193). We began manipulating a female’s nutritional state only after she had reached sexual maturation (i.e., 10 days post-eclosion) to ensure that food deprivation did not delay sexual maturation. Thus, all females were provided with a carcass for breeding on day 19 after eclosion. We weighed all females after the 9 days of food-deprivation to verify that the treatment had the intended effect of causing a decline in female nutritional state.
On the day of mating, we placed females in a Petri dish with an unrelated, virgin male. The pair was left undisturbed for 4 hours to allow sufficient time for successful mating (Botterill-James et al. 2017). After mating, females were moved to a larger clear plastic container (170 x 120 x 60 mm) filled with 10 mm of moist soil and provided with a defrosted mouse carcass (Livefood Direct Ltd, Sheffield, UK) that were either small (5–8g) or large (20–25g). These carcass sizes were chosen based on previous work showing that N. vespilloides females produce more and larger offspring on large carcass than on small ones (e.g., Smiseth et al. 2014). We removed males after mating to ensure that consumption of carrion was strictly by the female and the larvae, and to remove any potential effects due to sexual conflict over food consumption (Pilakouta et al. 2016; Keppner et al. 2018). Removal of the male does not affect larval survival or average larval body mass under laboratory conditions in this species (Bartlett 1988; Smiseth et al. 2005).
As part of the cross-fostering design, we separated females from their eggs prior to hatching to ensure that females cared for mixed-maternity broods of foster larvae only. To this end, we checked the boxes daily for the presence of eggs, starting the day after females were provided with a carcass. In N. vespilloides, females start egg laying about 21 hours after encountering a mouse carcass (Smiseth et al. 2006). Females lay their eggs in the soil surrounding the carcass, and the eggs are visible through the bottom of the clear boxes (Monteith et al. 2012). Whenever we detected eggs, we moved the female and her carcass into a new plastic container filled with 10 mm of fresh moist soil, leaving the eggs undisturbed in the original container. For each female, we continued this procedure for 2–3 days until no further eggs were found. Based on this information, we noticed that food-deprived females had a slightly delayed onset of egg laying compared to control females (t89 = 2.107; P = 0.038). In order to prevent any potential issues due to this delay when setting up experimental foster broods, we bred control females over two consecutive days. This ensured that we had access to a sufficient number of newly hatched larvae from across our treatment groups to generate experimental foster broods (see below). For each box, we recorded information on the date the first of egg was laid and the date of hatching. As multiple boxes were hatching simultaneously from multiple females in different treatment groups, we pooled all hatched larvae into a clear plastic box lined with damp tissue to prevent desiccation. Females do not discriminate between own and unrelated larvae, but will kill any larvae that arrive on the carcass before their own eggs have begun hatching (Müller and Eggert 1990). We therefore only provided females with a foster brood once their own eggs had begun hatching.
Females were left to care for the brood undisturbed until the larvae dispersed from the carcass about 4–5 days later. When all larvae had dispersed from the carcass, we weighed each female again. For each female, we calculated the change in body mass during the breeding attempt by subtracting the female’s pre-breeding mass from her post-breeding mass. Females were transferred to individual containers (124 x 82 x 22 mm) filled with moist soil and they were then maintained following the same protocol as used for stock beetles (see above). We checked each female three times a week until death to determine the female’s lifespan. At the time of larval dispersal, we also recorded the number of surviving larvae and the total brood mass. We calculated the mean offspring mass by dividing the total brood mass by the number of surviving larvae at dispersal. We also weighed any remaining carcass to calculate the amount of resources that had not been consumed by either the female or the larvae. At the onset of our experiment, we noticed that mould sometimes was visible on the carcass at the time of larval dispersal. We therefore started recording the presence or absence of visible mould on the tail, legs and/or ears of the carcass at the time of larval dispersal to evaluate the efficiency of females in suppressing microbial growth. We moved all dispersed larvae into a fresh box (170 x 120 x 60 mm) filled with moist soil. Approximately 20 days later, we recorded the number of larvae that successfully eclosed. We used this information to calculate offspring survival from dispersal to eclosion.
The final sample sizes for the different treatments in our experiment were as follows: (1) food-deprived females breeding on a large carcass (n = 22), (2) food-deprived females breeding on a small carcass (n = 23), (3) control females breeding on a large carcass (n = 24), and (4) control females breeding on a large carcass (n = 24).

Statistical analysis
All analyses were performed using R v. 3.3.3. We used general linear models for traits that were continuous and had normally distributed errors (female mass change, female lifespan, brood mass, mean offspring mass, number of offspring at dispersal, number of offspring at eclosion and amount of remaining carcass). We used a generalised linear model fitted with a binomial error distribution and a logit link function for the analyses of mould given that it was scored simply as presence or absence of visible mould. All analyses included the following factors as fixed effects: female nutritional state (food deprived or control), amount of resources (large or small carcass), and the interaction between the two. For our analyses, we used ‘control’ as the reference level for female nutritional state and ‘large carcass’ as the reference level for amount of resources.

RESULTS
There was a significant difference between food-deprived and control females in their mass change of during the 9-day long food deprivation treatment (estimate: –0.041 ± 0.003, t89 = –10.881, P < 0.001). Food-deprived females lost mass during the 9-day long food deprivation treatment (mean ± SE: –0.033 ± 0.002 g) while control females did not (0.010 ± 0.003 g). Thus, the food-deprivation treatment had the intended effect of causing a substantial decline in female nutritional state at the start breeding.

Female mass change and lifespan
There was no evidence of an effect of the interaction between female nutritional state (food deprivation) and amount of resources (carcass size) on female mass change during breeding (estimate: –0.010 ± 0.010, t88 = –1.121, P = 0.262). As predicted, food-deprived females gained more mass during breeding than control females (estimate: 0.088 ± 0.007, t88 = 11.913, P < 0.001; Fig. 1). Indeed, we found that food-deprived females had a higher mass at larval dispersal than control females (estimate 0.028 ± 0.013, t89 = 2.061, P = 0.042). Thus, food-deprived females increased their mass beyond that of control females by the time the larvae dispersed from the carcass. There was no evidence that amount of resources influenced female mass change while breeding (estimate: 0.007 ± 0.007, t88 = 1.041, P = 0.300). Thus, females did not alter how much carrion they consumed when breeding on a small or large carcass.
There was no evidence that the interaction between female nutritional state (food deprivation) and amount of resources (carcass size) influenced female lifespan (estimate: 3.360 ± 4.329, t88 = 0.765, P = 0.442). Likewise, there was no evidence that female nutritional state directly influenced female lifespan (estimate: –5.690 ± 4.942, t88 = –1.153, P = 0.251). However, a larger change in mass during breeding was associated with a longer lifespan (estimate: 96.813 ± 43.855, t88 = 2.210, P = 0.026; Fig. 2). Thus, given that food-deprived females gained more mass during breeding than controls, there was an indirect effect of food deprivation on lifespan through its effect on mass gain. Finally, there was no evidence that the amount of resources influenced female lifespan (estimate: –1.140 ± 3.007, t88 = –0.376, P = 0.703).

Brood mass and number of offspring
There was no evidence of an effect of the interaction between female nutritional state (food deprivation) and amount of resources (carcass size) on the total mass of the brood at dispersal (estimate: 0.216 ± 0.183, t89 = 1.179, P = 0.242; Fig 3A) or the mean mass of offspring in the brood (estimate: –0.0128 ± 0.0112, t89 = –1.145, P = 0.255; Fig 3B). There was no effect of the interaction between female nutritional state and amount of resources on the number of larvae at dispersal (estimate: –0.0898 ± 0.0459, t89 = –1.950, P = 0.0503). However, there was a non-significant trend reflecting that control females had a slightly larger number of larvae than food-deprived females when breeding on a large carcass, while food-deprived females had a slightly larger number of offspring than control females when breeding on a small carcass (Fig. 3C). Finally, there was a significant effect of the interaction between female nutritional state and amount of resources on the number of offspring that survived until eclosion (estimate: –0.149 ± 0.046, t88 = –3.261, P = 0.0016). This interaction effect reflected that offspring had reduced survival when the female was food-deprived and the larvae were reared on a large carcass (Fig. 3D).
There was no evidence of a main effect of female nutritional state on either total mass of the brood at dispersal (estimate: –0.140 ± 0.130, t89 = –1.077, P = 0.284; Fig 3A), the mean mass of offspring in the brood (estimate: 0.007 ± 0.008, t89 = 0.871, P = 0.386; Fig 3B) or the number of larvae at dispersal (estimate: –1.245 ± 0.788, t89 = –1.580, P = 0.117; Fig. 3C). There was a main effect of female nutritional state on the number of offspring that survived until eclosion (estimate: –1.752 ± 0.786, t89 = –2.230, P = 0.028) reflecting that offspring had reduced survival when the female was food-deprived and was breeding on a large carcass (Fig. 3D).
There was evidence for a positive main effect of amount of resources on the total mass of the brood (estimate: –0.560 ± 0.127, t89 = –4.406, P < 0.001) and the mean mass of offspring in the brood (estimate: –0.048 ± 0.007, t89 = –6.174, P < 0.001). As predicted, the total mass of the brood and the mean mass of larvae in the brood was significantly greater for broods reared on large carcasses than for broods reared on small carcasses (Fig. 3A–B). Finally, there was no evidence of a main effect of amount of resources on the number of larvae at dispersal (estimate: 0.041 ± 0.032, t89 = 1.258, P = 0.212) or the number of offspring that survived until eclosion (estimate: 0.023 ± 0.032, t89 = 0.735, P = 0.464) (Fig. 3C–D).

Amount of remaining carcass and mould
There was never any remaining carrion left when females were breeding on a small carcass. In contrast, some carrion was always left when females were breeding on a large carcass, but there was no significant difference in the mass of remaining carrion for food-deprived females (mean ± SE: 10.9 ± 0.51g) and control females (10.4 ± 0.35g) (estimate: ± 0.4828 ± 0.6111, t44  = 0.790, P = 0.434). Thus, as intended, resources were limited when breeding on a small carcass but not when breeding on a large one. We never observed visible mould when females were breeding on a small carcass, while we observed visible mould in 50% of cases when females were breeding on a large carcass. In the latter case, mould was more likely to be present when carcasses had been allocated to food-deprived females (mould present in 90.1% of cases) than to control females (mould present in 12.5% of cases; z = 2.182, P = 0.022).

DISCUSSION
Here we report the results of an experiment in which we tested for parent-offspring competition by manipulating both the nutritional state of the female parent and the availability of resources for the female and her offspring during breeding. We found no evidence that increased food consumption by females in a poor nutritional state (i.e., food-deprived females) had a greater negative impact on offspring growth and/or survival when resources were limited (i.e., small carcasses). Based on this result, we conclude that our study provides no evidence for parent-offspring competition over a shared food source in N. vespilloides. Our results contrast with those of a recent study on European earwigs, Forficula auricularia, which found that high maternal weight gains during the reproductive bout had a positive impact on the future reproductive performance of females but a negative impact on the offspring’s survival prospects (Kramer et al. 2017). Thus, there is variation across different systems in the extent to which parent-offspring competition incur significant costs to family members, suggesting that further work is needed to establish whether it is an important constraint on the evolution of parental care and family living (Kramer et al. 2017). Below we provide a more detailed discussion of our results and their implications for our understanding of competition between parents and offspring for shared resources.
Our first main finding was that a poor nutritional state of females only had a detrimental impact on offspring survival when resources were abundant (i.e., when family members shared a large carcass). This finding is contrary to what we predicted due to parent-offspring competition over access to a shared pool of limited resources. If there was such competition, we predicted that increased food consumption by females in poor nutritional state would have a greater negative impact on offspring growth and survival when resources were limited. Thus, our finding suggests that the reason that poor nutritional state of females had a detrimental impact on offspring survival was not because increased female consumption of carrion left less carrion for their offspring. Instead, as detailed below, we suggest that this effect was due to such females providing less parental care, with detrimental effects on the offspring’s survival on large carcasses due to an increase in microbial growth.
The suggestion that females in poor nutritional state provide less parental care is based on our own observations of microbial growth. In N. vespilloides, parents are known to suppress microbial growth by manipulating the surface of the carcass and by depositing anal and oral exudates (Rozen et al. 2008; Cotter and Kilner 2010). We only observed visible mould when females were breeding on a larger carcass, and we found that mould was more likely to be present when carcasses had been allocated to food-deprived females than to control females. There is good evidence from prior work on this species that competition from microbes has a detrimental impact on larval fitness (Rozen et al. 2008). Thus, our observations suggest that competition from microbes may be more severe on large carcasses, potentially reflecting that it is more time-consuming or energetically costly to suppress microbial growth on such carcasses, and that females in poor nutritional state put less effort into the suppression of microbial competitors. This finding also accounts for why a poor nutritional state of females only had a detrimental impact on offspring survival when breeding on large carcasses. Further work is now needed to confirm that females in poor nutritional state put less effort into suppression of microbial growth. Such work may involve behavioural observations comparing time spent manipulating the surface of the carcass by females in poor nutritional state and control females as well as comparisons of the antimicrobial properties of anal and oral exudates produced by such females.
One potential explanation for why we found no evidence for parent-offspring competition is that our two experimental treatments – food deprivation of female parents and providing parents with different sized mouse carcasses – did not have the intended effect of increasing female food consumption and limiting the availability of resources, respectively. However, we argue that this is unlikely. First, we found that food-deprived females lost more weight during the pre-breeding treatment period than control females and that they subsequently consumed more carrion while breeding. Thus, our results confirm that the food-deprivation treatment generated experimental variation in the nutritional state and food consumption of females. Second, we found that the total brood mass was lower when females were breeding on small carcasses, confirming that the availability of resources was indeed limited when breeding on such carcasses. In light of this evidence, we conclude that our experimental treatments were appropriate and that our results suggest that the potential costs of parent-offspring competition in N. vespilloides are too small to be detected in our study. Nevertheless, we note that our experiments focused on parent-offspring competition when offspring received care from a single female parent. In this species, offspring often receive care from both parents, in which case there may be competition for food between the offspring, the female parent and the male parent. A recent study on the same species suggests that parent-offspring competition may have detrimental effects on offspring when both parents care for the offspring (Keppner et al. 2018).
We suggest two potential explanations for why the costs of parent-offspring competition may be very small in N. vespilloides. First, it seems likely that food-deprived females consumed a relatively small amount of additional food relative to that consumed by an individual larva. We found that control and food-deprived females on average gained about 0.02 g and 0.10 g, respectively, while breeding (Fig. 1B). In contrast, each larva gained about 0.20–0.25 g (Fig. 2D). Thus, considering weight change as a proxy for the amount of food consumed by females and their offspring, the amount of additional food consumed by food-deprived females was less than one-half of the amount consumed by individual larvae. Second, keeping in mind there was a single female but up to 10 larvae in her brood, the costs of an increase in food consumption by the food-deprived female will be spread across all 10 larvae within the brood. The combined effect of these two points is to dilute the costs of parent-offspring competition to each individual larva. This does not necessarily mean that parent-offspring competition is absent, but that its cost is too small to be detected in our study.
Our study suggests that the costs of parent-offspring competition may be negligible in N. vespilloides, while the study by Kramer et al. (2017) suggests that it incurs significant fitness costs to offspring in European earwigs. We suggest two potential explanations for the difference between these species based on differences in their natural history. First, the two species differ with respect to how they acquire resources for breeding: Nicrophorus vespilloides has mass provisioning where the carcass is acquired prior to the start of breeding (Scott 1998), while earwigs have progressive provisioning where females actively forage for food throughout the parental care period (Lamb 1976). In N. vespilloides, females assess the size of the carcass, and thus total amount of resources available to themselves and their larvae, at the start of breeding (Müller et al. 1990; Scott 1998). This may allow females to offset some of the costs of parent-offspring competition. For instance, females in a poor nutritional state breeding on a small carcass could spend more time provisioning pre-digested carrion to the larvae, which might offset some of the costs of parent-offspring competition given that obtaining food from parents is more energy efficient than self-feeding directly from the carcass (Eggert et al. 1998; Smiseth et al. 2003; Trumbo et al. 2015). This option may not be available for female European earwigs given that future food availability in this species is likely to be unpredictable. Second, the two species differ with respect to the mobility of their offspring: nymphs are mobile and forage independently outside the nest soon after hatching in European earwigs (Lamb 1976), while larvae stay on the carcass until they disperse at the end of the parental care period in N. vespilloides (Lock et al. 2004). Thus, in European earwigs, nymphs might offset some of the costs of parent-offspring competition by leaving the nest to forage independently. This option is not available to larvae in N. vespilloides, which means that there might be a stronger incentive for females to offset the costs of parent-offspring competition in the latter species.
A surprising finding in our study was that female mass change was independent of carcass size, suggesting that females did not adjust their food consumption based on the availability of resources. Given that an increase in mass gain by females had a positive impact on their longevity (Fig. 3), this result raises the intriguing question: why did females breeding on large carcasses not increase their food consumption? One potential explanation for this finding is that flight efficiency and manoeuvrability might decrease with increased mass gain as shown in butterflies (Almbro and Kullberg 2012; Marden and Chai 1991) and birds (Boyle et al. 2012; Metcalfe and Ure 1995). Another potential explanation is that increasing mass gain beyond a certain level may ultimately reduce fighting ability. Nicrophorus vespilloides and other species within this genus exhibit intense intra- and interspecific competition over access to carcasses, where larger individuals are more likely to win fights, thereby securing the carcass for breeding (Otronen 1988). However, increasing food consumption beyond what is needed to achieve their optimal mass might decrease their speed and agility, thereby reducing their ability and success in fights (Nosil 2002). Thus, there is now a need to examine whether body mass influences flight performance and/or fighting ability in N. vespilloides. One way to test this suggestion is to compare flight performance and fighting ability of beetles that differ with respect to their mass but are matched for body size. There is evidence from a prior study on this species showing that individuals kept on a poor diet after eclosion have a lower fighting success than individuals kept on a good diet (Hopwood et al. 2014).
In conclusion, we find no evidence that parent-offspring competition has detrimental effects on offspring in N. vespilloides. Our results have wider implications for the potential role that parent-offspring competition might play given that the costs associated with such competition might prevent the evolution of parental care (Kramer et al. 2017; Kramer and Meunier 2017). In systems where parent-offspring competition incurs significant costs to offspring, such as earwigs, these costs may limit the evolution of parental care (Kramer et al. 2017; Kramer and Meunier 2017). Meanwhile, in systems where the costs of parent-offspring competition appear to be negligible, such as N. vespilloides, it may have no impact on the evolution of parental care. Our study highlights a need for further work on parent-offspring competition in other systems where parents and offspring feed from a shared pool of limited resources. Such work would provide valuable insights into the potential role of such competition as a factor preventing the evolution of parental care and family living (Kramer et al. 2017).
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Figure legends

Figure 1
Effects of female nutritional state (control versus food-deprived females) and carcass size (large versus small carcass) on the change in female mass during breeding. Filled circles represent females breeding on a large carcass and open circles represent females breeding on a small carcass. Data reported as means ± SE.

Figure 2
Relationship between change in female mass during breeding (g) and female lifespan (days). Open circles represent food-deprived females and filled circles represent control females.

Figure 3
Effects of female nutritional state (control versus food-deprived females) and carcass size (large versus small carcass) on brood mass at dispersal (g) (A), and mean offspring mass at dispersal (g) (B), number of offspring at dispersal (C), number of offspring at eclosion (D). Grey bars represent females breeding on a large carcass and white bars represents females breeding on a small carcass. Data reported as means ± SE.
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